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CONVERSION OF URANIUM DIOXIDE 
TO URANIUM CARBIDE IN AN 

INDUCTION PLASMA TORCH REACTOR 

by 

D. Ramaswami, J . Pavlik, 
and A. A. Jonke 

ABSTRACT 

Exploratory studies were conducted to determine the 
feasibility of using an induction plasma torch reactor for 
converting uranium dioxide-graphite powder agglomerates 
to uranium carbide spheres . The agglomerates were fed 
continuously into the tail flame of a 25-kW (4-MHz) induction 
plasma torch pointed downward. The solid part icles were 
entrained by the tail flame and were directed into a product 
receiver , where they were separated from the gas s t ream. 

About 20% of the part icles in the product were shiny 
(with metallic luster) black spheres of 25-50/:im. The r e 
mainder of the part icles had shapes similar to those of feed 
par t ic les , with some rounding off of sharp corners . 

Between74 and 82% of the carbon in the feed agglom
erates was converted to gaseous and. solid products (CO, UC, 
and alpha-UCz). The percent carbon utilization was almost 
constant, although the C/U atom ratio in the feed was varied 
between 1.4 and 3.2, the average particle size of the feed be
tween 58 and 107 ^um, and the solid feed rate between 0.06 and 
0.9 kg/hr . 

The results of this exploratory study indicate that the 
method might be suitable for continuous la rge-sca le produc
tion, under cri t ical ly-safe conditions, of (U,Pu)C fuel for fast 
breeder reac tors . 



I. SUMMARY 

The use of an induction p l a s m a to r ch r e a c t o r for c o n v e r t i n g ( U , P u ) 0 , 
to r e a c t o r - g r a d e ca rb ide s p h e r e s in high yield was exp lo r ed A " - k W 
4-MHz!) induction p l a s m a to rch was used to conve r t UO. and c a r b o n to UC 

under va r ious opera t ing condit ions, to examine the effects of v a r i a b l e s on 
produc t c h a r a c t e r i s t i c s , and to provide a bas i s for p r o c e s s eva lua t ion . 
Although the expe r imen ta l work was devoted to the c o n v e r s i o n of u r a n i u m 
d iox ide-graph i te powder agg lomera t e s to u r a n i u m m o n o c a r b i d e , the p r o 
c e s s is expected t o b e appl icable to the p roduc t ion of (U,Pu)C in e q u i p m e n t 
ins ta l led in an a lpha- t ight enc lo su re . 

The method involves making compos i t e p a r t i c l e s of u r a n i u m d iox ide 
and graphi te and reac t ing the composi te p a r t i c l e s by p a s s i n g t h e m t h r o u g h 
and cocur ren t ly with the tai l f lame (pointed downward) of h y d r o g e n - a r g o n 
p l a s m a in a 1.5-in.-ID quar tz tube. Back r eac t i on is p r e v e n t e d by r a p i d 
quenching of the p roduc ts and by rapid s e p a r a t i o n of the g a s e o u s p r o d u c t 
f rom the sol id. The product , in the fo rm of s m a l l , f r ee - f lowing s p h e r e s of 
ca rb ide , is col lected along with un reac t ed o x i d e - g r a p h i t e a g g l o m e r a t e s in 
a product r e c e i v e r at the bot tom of the r e a c t o r . The CO r e a c t i o n p r o d u c t 
leaves the reac t ion chamber with the i ne r t p l a s m a g a s . 

About 20% of the pa r t i c l e s in the produc t w e r e shiny (with m e t a l l i c 
lus te r ) b lack s p h e r e s of 25-50 fim. The shapes of the r e m a i n d e r of the p a r 
t ic les w e r e s i m i l a r to those of the feed p a r t i c l e s , except for s o m e r o u n d 
ing off of s h a r p c o r n e r s . The ave rage p a r t i c l e s i ze for the p r o d u c t was 
lower than that for the feed because of (1) r eac t i on and s p h e r o i d i z a t i o n in 
the format ion of the ca rb ide s p h e r e s , (2) densi f ica t ion a c c o m p a n y i n g s i n 
te r ing of the p a r t i c l e s , and (3) b r eakage of p a r t i c l e s due to r a p i d evo lu t ion 
of the gaseous product (CO). 

Between 74 and 82% of the ca rbon in the feed a g g l o m e r a t e s w a s con 
ve r t ed to gaseous and solid products (CO, UC, and a lpha -UC. ) in a s i n g l e 
p a s s through the t o r ch in runs with a rgon in the r e a c t i o n c h a m b e r . T h e s e 
values for the carbon ut i l iza t ion a r e s a t i s f ac to ry for the 25-kW induc t ion 
p l a s m a to rch used . Although reac t ion of the g raph i t e was i n c o m p l e t e in 
these r u n s , the oxide could probably be comple te ly conve r t ed to c a r b i d e by 
pass ing the solid product f rom a to rch through a second t o r c h o r , if only 
one to rch was avai lable , by recycl ing the solid p roduc t . 

The carbon ut i l izat ion was a lmos t cons tant , a l though the so l id feed 
condit ions w e r e v a r i e d - - i . e . , the solid feed r a t e was v a r i e d b e t w e e n 0.06 and 
0.9 k g / h r , the ave rage pa r t i c l e s ize between 58 and 107 fjm and the C / u 
a tom ra t io in the feed between 1.4 and 3.2. S i m i l a r l y , in a p r e l i m i n a r y 
s e r i e s of runs with g ranu la r a lumina, the p e r c e n t a g e of p a r t i c l e s c o n v e r t e d 
to s p h e r e s was a lmos t constant , although the powder feed r a t e was v a r i e d 
be tween 0.6 and 1.2 k g / h r . Apparent ly , the upper l imi t for the so l id feed 



rate (where the solids s tar t cooling the plasma flame) has not been reached 
in the current runs and feed rates much higher than those tested may be 
pract ical . Assuming that the potentialities for higher solid feed rates and 
more efficient operation achieved through the use of metal-walled plasma 
containment tube compensate for the number of passes required for com
plete conversion, carbide production rates of at least 0.12 Ib/kWh may be 
expected. 

In the conversion of agglomerates to product, carbon and oxygen 
concentrations decreased in the same proportion; i.e., the value of the ratio, 
decrease in g-atoms of carbon per g-atom of uranium/decrease in g-atoms 
of oxygen per g-atom of uranium, was ~1.0; this indicates that the gaseous 
product of the UO.-graphite reaction in an argon-3.2 vol % hydrogen plasma 
flame is CO. X-ray diffraction analysis of the solid-product samples in
dicated that uranium monocarbide and alpha-uranium dicarbide were present 
along with unreacted uranium dioxide. The concentration of dicarbide might 
be lowered to the desired level by a purification step, such as reduction in 
a hydrogen atmosphere or reaction with uranium dioxide, to form uranium 
monocarbide. 

The current exploratory study indicates that the induction plasma 
torch method is worthy of further consideration for development to a full-
scale facility that is critically safe for continuous conversion of (U,Pu)02 
to carbide spheres . However, the performance of equipment components 
during the 38 runs with the 25-kW induction plasma torch indicated that 
the designs of the plasma containment tube, the solids feed orifices, the 
solids guide tube, and other components would have to be improved for 
further development or scale-up of the conversion process . 

II. INTRODUCTION 

Conversion of fas t -breeder - reac tor oxide to reac tor -grade carbide 
fuel in an induction plasma torch reactor has the potential for converting 
the oxide-graphite part icles to carbide spheres in critically safe equipment 
that can be continuously operated. Criticality safety and continuous opera
tion are desirable features for commercial production of nuclear fuels. 
However, the feasibility of the production of carbide spheres from oxide 
in an induction plasma torch reactor has not been reported in the l i t e ra ture . 

The objective of the current study was to determine the feasibility 
of the production of the carbide spheres using an induction plasma torch 
reac tor . The experimental work was limited to the conversion of uranium 
dioxide and graphite powder agglomerates to uranium monocarbide, but the 
process is expected to be applicable to the production of (U,Pu)C (which 
would have to be done in equipment installed in an alpha-tight enclosure). 
The objective of the experimental work was to determine the operating con
ditions required to produce high yields of reac tor -grade uranium monocarbide. 



A schemat i c flowsheet for the c o n v e r s i o n of (U,Pu)02 to (U,Pu)C 
s p h e r e s using an induction p l a s m a t o r c h r e a c t o r i s shown in ^ i g . 1. The 
method includes (1) p r e p a r i n g lOO-^m c o m p o s i t e p a r t i c l e s of (U P u ) 0 2 and 
carbon (2) reac t ing the compos i tes by p a s s i n g t h e m t h r o u g h and c o c u r r e n t l y 
with the p l a sma f lame of an inductively coupled p l a s m a t o r c h po in ted down
ward (3) separa t ing (U,Pu)C produc t s p h e r e s f rom the n o n s p h e r e s and u n 
r eac t ed p a r t i c l e s , (4) sepa ra t ing the CO r e a c t i o n p r o d u c t f r o m the p l a s m a 
gas, and (5) recycl ing the unreac ted p a r t i c l e s , n o n s p h e r e s , and the p l a s m a 
gas to the r e a c t o r . 
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Fig. 1. Conversion of (U,Pu)02 to Carbide Spheres in an Induction Plasma Torch Reactor 

Of the methods desc r ibed in the l i t e r a t u r e for p r e p a r i n g c o m p o s i t e 
p a r t i c l e s of (U,Pu)02 and carbon, the be t t e r -deve loped one'-^ c o n s i s t s of 
mixing 1- to 2-pim pa r t i c l e s of (U,Pu)02 and graphi te in a V - b l e n d e r t o 
ge ther with a s m a l l amount of binder such as polyvinyl a lcohol After the 
dry powder is mixed, a smal l amount of wa te r is added and mix ing is con 
tinued until the agg lomera t e s form and finally r each the d e s i r e d s i z e The 
a g g l o m e r a t e s a r e dr ied at 50°C. Other ways of p r e p a r i n g i n t i m a t e m ' i x tu r e s 
of (U,Pu)02 and carbon a r e from a n i t ra te solution containing sugar^' '* o r 
p e r h a p s f rom a m i x t u r e of the oxides and sugar solut ion. Any of t h e s e 
methods can be adapted to the p r epa ra t i on of the feed r e q u i r e d for the 
p l a s m a to r ch method. 

In the induction p l a s m a to rch r e a c t o r the comnn«u= .• , 
(U,Pu)02 and graphi te a r e p a s s e d through and c o c u r r ' n t l l r " " ' " ° ' 
f lame at high ve loc i t ies in the form of a ' tubular c o l u m n M ^'^^ P ^ — a 
t i m e s of p a r t i c l e s in the f lame a r e of the o r d e r of a fe ii ' '"^'^^'^'^^ 
P a r t i c l e heat ing occu r s by s e v e r a l m e c h a n i s m s , ir^elZiT't^r^'^'f"-
t ion through the boundary l aye r su r round ing the n a r H . , '^'^^rmal c o n d u c -

g xne pa r t i c l e , r ad ia t ion , e l e c t r o n 



bombardment, and electron recombination on the part icle surface. The 
extent of conversion of the oxide to the carbide depends on the t i m e / 
temperature history of the par t ic les . Back reaction is prevented by rapid 
quenching of the products and rapid separation of the gaseous product from 
the solid. 

The solid product, in the form of small, free-flowing spheres of 
carbide accompanied by unreacted oxide-graphite par t ic les , is collected m 
a product receiver at the bottom of the reactor (although a different experi
mental setup might provide for continuous t ransport of the product to the 
next process step). Commercially available equipment could be used to 
separate high-density carbide spheres from nonspheres and low-density 
unreacted agglomerates. Incompletely reacted mater ia l would be r ec i r 
culated to the reactor or to an agglomerator system, depending on part icle 
s ize. The dense spheres of carbide would be fabricated into fuel elements. 

The gaseous reaction product, CO, leaves the reaction chamber with 
the inert plasma gas, argon (or hydrogen-argon mixture). The carbon 
monoxide is separated from the plasma gas by well-known commercial 
methods,^-'^ and the plasma gas is recycled to the torch. 

III. LITERATURE REVIEW 

Spheroidization of various powders using induction plasma torches 
has been reported in the l i terature , as well as synthesis and spheroidization 
of uranium carbides with dc-arc plasma je ts . Work related to the expected 
performance of an induction plasma torch reactor for the conversion of 
uranium dioxide-graphite agglomerates t9 uranium carbide spheres is r e -
viewed here . 

A. Spheroidization Studies Using Induction P lasma Torches 

An induction plasma torch (10 kW, 5 MHz) enclosed in an alpha box 
was used by Jones et al.».' for producing thermally and chemically stable 
microspheres of plutonium dioxide. The microspheres were 10-250 fim m 
diameter , the majority were dense, solid, crystalline part iculates , and a 
small percentage had internal voids. The density of the product was 96% of 
the theoretical crystall ine density. 

Browne and Latta'° reported spheroidization of UO2, ThOz, and ZrO. 
part icles with a 7.5-kW (5-MHz) induction plasma torch. 

Hedger and Ha l l " studied spheroidization of the powders of chromium, 
molybdenum, tantalum, tungsten, alumina, magnesia, and several compounds 
of uranium using a 25-kW induction plasma torch. The studies were mainly 
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confined to 100- to 150-;:im p a r t i c l e s , and p o w d e r feed r a t e s of O.06 to ^^^ 
0.3 kg /h r were used . Yields of 50 to 70% s p h e r o i d i z a t i o n (in a s ing le p 
through a p l a sma torch) w e r e obta ined. 

T r e m p e r ' ^ used a 10-kW induct ion p l a s m a t o r c h for the s p h e r o i 
izat ion of c e r a m i c p o w d e r s . He found tha t the f r e q u e n c y r a n g e of 4 -6 MHz 
was bes t for sphero id iza t ion , a l m o s t e n t i r e l y b e c a u s e in th i s r a n g e p l a s m a 
was the mos t s tab le . F o r m o s t of the work, the h i g h - f r e q u e n c y p o w e r w a s 
furnished through a f o u r - t u r n c y l i n d r i c a l coil ( m a d e of 3 / l 6 - i n . c o p p e r 
tubing) at a frequency of 4 MHz. A so l ids feed n o z z l e tha t gave l a m i n a r flow 
of the powder provided a much h ighe r d e g r e e of s p h e r o i d i z a t i o n t h a n any 
other nozzle t r i ed by h im. P o w d e r feed r a t e was O.O6 k g / h r . F o r a s i n g l e 
pass of 4 3 - to 61-/jm s i l i ca powder th rough the p l a s m a t o r c h , the p o w d e r 
was approximate ly 75% sphero id ized ; two p a s s e s of the p o w d e r t h r o u g h the 
to rch gave about 90% sphe ro id iza t ion . The r e s u l t i n g s i l i c a s p h e r e s w e r e 
all nea r ly 100% dense , with only a few s m a l l bubbles in t h e m . T h e s p h e r o i d 
ization of 40-fira a lumina upon one p a s s th rough the induc t ion p l a s m a t o r c h 
was about 65%, upon two p a s s e s 80%, and upon t h r e e p a s s e s 90%. About 
half of the a lumina s p h e r e s p roduced had n e a r l y t h e o r e t i c a l d e n s i t y . 

B. Synthesis and Sphero id iza t ion of Uraniunn C a r b i d e s 

A d c - a r c p l a s m a je t method of mak ing s p h e r i c a l a c t i n i d e c a r b i d e 
was patented by White and O ' R o u r k e . ' ' In th i s me thod , a g g l o m e r a t e s (70 to 
150 jdm) of UO2 and ca rbon fed to a d c - a r c p l a s m a a r e e n t r a i n e d by the j e t . 
The actinide carb ide p roduc t flowing f rom the t ip of the j e t c o n s i s t s of 
completely reac ted , s p h e r i c a l (50 to 125 (Lim) p a r t i c l e s . A s m a l l a m o u n t 
of hydrogen, l e s s than 1 vol %, added to the i n e r t p l a s m a g a s , a c t e d a s a 
p romote r that helped d r ive to comple t ion the r e a c t i o n of the UO2 and c a r b o n . 

Gibson and Weidman'* used a c o n s u m a b l e h o m o g e n e o u s anode of 
UO2 and carbon to p roduce a u r a n i u m - c a r b o n p l a s m a . T h e t e m p e r a t u r e at 
the tip of the anode is r a i s e d to 3700-4700°C in a c h a m b e r a t a p r e s s u r e of 
0.1-5 m m Hg. The ve ry high t e m p e r a t u r e i n i t i a t e s the e x t r e m e l y r a p i d 
react ion 

U02(s) + 3C(s) - UC(s) + 2CO(g) 

and the solid product fo rmed quickly m e l t s . T h e m o l t e n u r a n i u m c a r b i d e 
on the anode face becomes a zone that is h e a t e d to the bo i l ing po in t of t h e 
sys tem. The liquid p roduc t that d r i p s f r o m the r e a c t i o n zone is c o m p l e t e l y 
ou gassed of l ower -bo i l ing -po in t i m p u r i t i e s , and a h i g h - d e n s i t y , h i g h - p u r i t v 
solid product is co l lec ted . The dens i ty of u r a n i u m c a r b i d e s p h e r e s p r o 
auced m this m a n n e r was 97 to 99+% of t h e o r e t i c a l , t he p u r i t y was 99 95% 
and the d i a m e t e r s w e r e 44 to 6000 ^ m . The p r o d u c t i o n r a t e was about ' 
O . l S l b o f U C p e r k W h o f d c i n p u t 



11 

Synthesis of uranium carbide by the gas-phase reaction of UF^ with 
methane and hydrogen was investigated by Helton,'^ who used a dc-a rc 
plasma jet. Some uranium carbide was formed when finely divided SiC 
was premixed with the gaseous mixture and then introduced into the plasma 
jet. Analysis of the product by X-ray diffraction showed that small quan
tities of uranium dicarbide and uranium monocarbide were present . How
ever, yields were never greater than 1%. 

Synthesis of uranium carbide from a mixture of uranium tetrafluorlde 
and silicon carbide was explored by Helton,'^ who used an induction plasma 
torch. A mixture of powdered uranium tetrafluorlde and silicon carbide was 
fed to the torch at a rate of 0.06-0.12 kg/hr . The solids (product) obtained 
from the reaction were analyzed by X-ray diffraction. A trace of uranium 
monocarbide was present . Quantitative yields were never greater than ~ 1 % . 

Je ts of plasma generated by passing a gas through a dc arc were 
extensively used in early investigations on spheroidization of carbide 
par t ic les . Sturge and Smyth'^ '" investigated the spheroidization of (U,Th)C2 
with a 20-kW dc-arc argon plasma jet. For SOO-^m agglomerates fed at 
0.2 kg/hr , spheroidization was better than 99%. Throughputs greater than 
0.2 kg/hr tended to produce ovoids. For 250- to 353-^m agglomerates of 
UZrC with 24-kW input dc, spheroidization rates of 0.2 kg/hr were reported 
by Jacques and Sturge.'« Bildstein" reported an investigation using a dc-
arc plasma jet in which (U,Th)C2 and UC2 part icles up to 500 ^im, and 
UZrC part icles up to 350 fim, were spheroidized in one pass to the extent 
of 98%. 

C. Expected Performance of P lasma Torch 

F rom the above l i terature review, factors affecting the conversion 
of uranium dioxide to uranium carbide were inferred assuming that (1) the 
yields of spheroidized part icles described above represent the quantity of 
heat t ransfer red from a plasma to par t ic les , (2) the reaction kinetics do 
not limit the extent of reaction, and hence (3) the yields indicate the extent 
of endothermic reaction to be expected with an induction plasma torch. 
Conversion of uranium dioxide to uranium carbide was expected to be 
affected by operating conditions in the following manner: 

1 With powder feed rates of 0.06-0.3 kg/hr to a 25-kW induction 
plasma torch, product yields should be 50-70% in a single pass of lOO-^m 
par t ic les , since in other investigations spheroidization yields were in this 
range for these operating conditions. 

2. The product yield should increase with an increased number of 
passes through the plasma torch. 

3. Yield should increase if a diatomic gas such as hydrogen is 
added to the plasma gas. 



4. Yields should be h ighe r with a so l ids feed nozz le that gives 
l a m i n a r flow of the powder than with o the r types of n o z z l e s . 

5. P r o d u c t s p h e r e s should have n e a r - t h e o r e t i c a l dens i ty . 

6. T o r c h ope ra t i on in an a lpha - t i gh t e n c l o s u r e should be e a s i 

IV. EQUIPMENT AND OPERATING P R O C E D U R E 

A. Equipment 

The equipment for s tudy of the c o n v e r s i o n of u r a n i u m dioxide to 
u r a n i u m ca rb ide c o n s i s t s of an induct ion p l a s m a t o r c h , an rf p o w e r supp ly , 
a w a t e r - c o o l e d r eac t i on c h a m b e r , a p r o d u c t r e c e i v e r a s s e m b l y , a p o w d e r 
feeder , a gas supply s y s t e m , and a s s o c i a t e d i n s t r u m e n t a t i o n . A s c h e m a t i c 
d i a g r a m of the p l a s m a - t o r c h i n s t a l l a t i on is shown in F i g . 2 . 

VENTILATED HOOD 

OFF-GAS RECORDER 

TEMPERATURE RECORDER 

ROTAMETERS 
VACUUM PUMP 

PRODUCT RECEIVERS 

y THERMOCOUPLES 

QUARTZ PLATE INSULATOR 

- MULLITE GUIDE TUBE 

- REACTION CHAMBER 

- PRESSURE TRANSMITTER 

- ARGON SHIELD 

- VACUUM PUMP 

Fig. 2. Installation of Plasma Torch for Studying Conversion 
of Uranium Dioxide to Uranium Carbide 

T h e i n d u c t i o n p l a s m a t o r c h i s h e l d o n a q u a r t z p l a t e i n s u l a t o r o n 

t h e t o p f l a n g e of t h e w a t e r - c o o l e d r e a c t i o n c h a m b e r ( s e e F i g 3) T h e 

" " ' " ^ ^ h i g h - f r e q u e n c y g e n e r a t o r r a t e d f o r 2 5 k W . * * 

*TAFA Division, Humphreys Corporation, Concord N H 
Lepel High Frequency Laboratories, Inc.. Queens,' N.' Y.' 
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The power is delivered to the torch at a frequency of 4 MHz. Additional 
details on the design of the torch may be found in the manufacturer 's 
literature.^" The basic principles of rf plasma formation are discussed in 
detail by Baddour and Timmins. 

Plasma Gas 
Inlet 

R-F 
Power Connections 

and Cooling 
Water Passages 

Plastic Casing 

Powder Inlet 

Thermocouple 

Quartz Plate Insulator 

Fig. 3. Plasma Torch Mounted on Top Flange of Reaction Chamber. ANL Neg. No. 308-2115. 

The p l a s m a g a s , a r g o n (or h y d r o g e n - a r g o n m i x t u r e ) , i s fed in a 
c o n t r o l l e d p a t t e r n to the q u a r t z tube t h rough in l e t s l oca t ed in the g a s -
i n i e c t o r r e t a i n e r a t the top of the tube . The gas m a y be i n t r o d u c e d r a d i a l l y , 
t angen t i a l l y o r ax ia l ly into the tube to e s t a b l i s h the d e s i r e d flow p a t t e r n . 
A r g o n and h y d r o g e n a r e supp l ied f rom a c y l i n d e r mani fo ld a t the d e s i r e d 
flow r a t e s . C o n t r o l s p r e v e n t s t a r t u p of the t o r c h wi thout a d e q u a t e flow of 
the g a s e s . The flow r a t e s a r e m e t e r e d with r o t a m e t e r s . 

T h e a g g l o m e r a t e d u r a n i u m d i o x i d e - g r a p h i t e powder i s fed to the 
p l a s m a t o r c h by a Model 104 power feeder supp l ied by T A F A . T h e p o w d e r 
f e e d e r o p e r a t e s on a v i b r a t i n g feed p r i n c i p l e . Up to 0.5 kg of powder is 
loaded into a bowl, and the v i b r a t i o n in tens i ty of the bowl is c o n t r o l l e d wi th 
a r h e o s t a t The powder d r o p s into a c o l l e c t i n g tube and is t r a n s p o r t e d by 
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f T-r-h The a e s l o m e r a t e s a r e fed into 
the c a r r i e r gas (argon) to the p l a s m a to rch , i n BB ^ ^ ^ ^ p o w d e r i n l e t 

the f lame downs t r eam from the P l^^^^^ f , " " "^ ^^^ con t a inmen t (qua r t z ) 
is located in the nozzle at the bottom of the p l a s m a con 

tube. 

A b r a s s double flange holds the to rch and the ^ " " ' ^ P ^ ^ ^ / J ; ; ; ^ ^ ^ ^ " : 
that suppor ts the to rch . The m a x i m u m p e r m i s s i b l e " P ^ ^ ^ / ^ ^ X " w . h 
for the b'rass double flange is 400°C. The q u a r t z P l ^ ' ! * j J/^^"^;^^"^^^ "̂ ^̂ ^̂ ^ 
a 4.625 in. ID and a 10 in. OD), in addit ion to suppor t i ng the t o r c h s e r v e s 
as a t h e r m a l and e l ec t r i ca l insu la tor between the p l a s m a t o r c h and the top 
flange of the wate r -coo led reac t ion c h a m b e r . F o u r t h e r m o c o u p l e s a r e 
affixed on the top flange. T e m p e r a t u r e r e c o r d s ob ta ined with the four 
thermocouples a r e used as an index of t h e r m a l e q u i l i b r i u m a t t a i n e d in t he 
reac t ion chamber . 

The reac t ion chamber is a 28 - in . - ID s p h e r i c a l s e c t i o n , m o u n t e d on 
the top of an 18-in.-ID, 40 - in . -deep c y l i n d r o c o n i c a l s e c t i o n ( s ee F i g . 2) . 
The ent i re react ion c h a m b e r is m a d e of Type 304 s t a i n l e s s s t e e l . T h e two 
sect ions of the reac t ion c h a m b e r a r e d o u b l e - w a l l e d wi th cool ing w a t e r 
flowing through the annulus between the two w a l l s . The c o o l i n g - w a t e r flow 
ra tes for the two sec t ions a r e con t ro l l ed and m e t e r e d i n d e p e n d e n t l y of e a c h 
other . 

A mul l i te guide tube (5.6 in. ID, 6.1 in. OD, 27 in . long) is c e n t r a l l y 
located below the t o r ch to conta in the t a i l f l ame and to d i r e c t the p a r t i c l e s 
into the product r e c e i v e r . The c h a m b e r p r e s s u r e is r e c o r d e d by a p r e s s u r e 
t r a n s m i t t e r and r e c o r d e r a s s e m b l y . The induc t ion p l a s m a t o r c h r e a c t o r 
a s sembly is shown in F ig . 4. The r e a c t o r a s s e m b l y is l o c a t e d i n s i d e a 
vent i la ted hood. The v e n t i l a t i o n - a i r flow r a t e t h r o u g h the hood is abou t 
1500 cfm. 

The produc t r e c e i v e r a s s e m b l y ( s ee F i g . 5) c o n s i s t s of a p r i m a r y 
r e c e i v e r (4 in. ID and 7.5 in. high) for the p r o d u c t , a s e c o n d a r y r e c e i v e r 
containing a bayone t - type s i n t e r e d - n i c k e l f i l t e r (1.75 in. w i d e , 6 in . long) , 
and a bypass l ine that con ta ins a n i c k e l - w o o l f i l t e r . T h i s type of p r o d u c t ' 
r e c e i v e r a s s e m b l y is des igned to s e p a r a t e the s o l i d s f r o m the gas s t r e a m 
while s teady flow p a t t e r n s and p r e s s u r e a r e m a i n t a i n e d i n s i d e the p l a s m a 
to rch . The l a r g e p a r t i c l e s (the m a j o r f r a c t i o n of the so l id s ) a r e s e p a r a t e d 
f rom the gas s t r e a m in the p r i m a r y r e c e i v e r . The f ine p a r t i c l e s e n t r a i n e d 
in the gas s t r e a m a r e r e t a i n e d on the s i n t e r e d - n i c k e l f i l t e r in the s e c o n d a r y 
r e c e i v e r . If the p r e s s u r e in the r e a c t i o n c h a m b e r t ends to bui ld up r a p i d l y 
the bypass l ine conta in ing the n i c k e l - w o o l f i l t e r can be opened to e x h a u s t 
the gases and r e l i e v e the p r e s s u r e . The of f -gas ( con ta in ing the g a s e o u s 
r e a c t i o n p roduc t , CO) is exhaus t ed f r o m the p r o d u c t r e c e i v e r a s s e m b l y b 
two Duo-Sea l vacuum pumps ( f r e e - a i r pumping r a t e s of 800 and 300 ft^/u \ 
ope ra t i ng in p a r a l l e l . ' ^' 

Manufactured by the Amersil Corp.; cut, polished, and examined under polarized light by Optical Shops 
(Central Shops, ANL). 
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Fig. 4. Induction Plasma Torch Reactot. ANL Neg. No. 308-2114. 

VACUUM PUMP 

)NOARV 
, ..JDUCT I T I 

" ^ " ^ ^ l ^ " VsiNTERED NICKEL 
FILTER 

Fig. 5 

Product Receiver Assembly 

VACUUM PUMP 

PRIMARY 
PRODUCT 
RECEIVER 



B, Opera t ing P r o c e d u r e 

The opera t ing p r o c e d u r e includes (l) mak ing ^ " - P - ^ ^ ^ ^ ^ ^ / ^ I ^ ^ J ^ j i 
u r a n i u m d i o x L and graphi te , (2) pa s s ing t hem th rough ^ ^ ' ^ J ' ^ Y c a r b i d e 
the p l a s m a flame of the induction p l a s m a to rch , (3) ^ f f ^ f ^ ' ^ S j h e c a r b i d e 
product in a r e c e i v e r at the bot tom of the r e a c t o r , and (4) ^ ^ ^ f ^ ^ l 
L l i d product for subsequent ana lys i s to d e t e r m i n e the extent of c o n v e r s i o n 
of the oxide to carb ide . 

UO2 powder* (0.5-1 Mm), g raph i t e powder** (~3 / im), and a s m a l l 
amount of polyvinyl alcohol b inder t a r e d r y - m i x e d in a P a t t e r s o n - K e l l y 
twin-she l l b lender for at l e a s t 16 h r . D i s t i l l ed w a t e r is added i n c r e m e n t a l l y 
to the tumbling mix tu re in the b lender unti l s m a l l a g g l o m e r a t e s a r e f o r m e d . 
Tumbling is continued until the s i ze of the a g g l o m e r a t e s i n c r e a s e s to t h e 
des i r ed value. The a g g l o m e r a t e s a r e d r i e d at 50°C for a t l e a s t 16 h r and 
separa ted by sieving. The resu l t ing p a r t i c l e s (107 fxm) have a bulk d e n s i t y 
of about 2.8 g /ml and a p a r t i c l e dens i ty of about 4.6 g / m l . The m e t h o d of 
p repa r ing the composi te p a r t i c l e s of u r a n i u m dioxide and g r a p h i t e i s a d a p t e d 
from that repor ted by S t r a u s b e r g . ' The polyvinyl a l coho l i s r e p o r t e d by 
S t r ausbe rg to contr ibute 10% of i t s in i t i a l weight as c a r b o n , wh ich is a v a i l 
able as a reac tant ; the r e m a i n d e r of this compound is v o l a t i l i z e d d u r i n g the 
react ion . 

The powder f eeder is loaded with a spec i f i ed quan t i ty (up to 0.5 kg) 
of the U02-ca rbon a g g l o m e r a t e s of spec i f i ed s t o i c h i o m e t r y and s i z e . To 
d isp lace the ambient a i r comple te ly f r o m the p o w d e r f e e d e r , the r e a c t i o n 
chamber , and the p roduc t r e c e i v e r a s s e m b l y ( s ee F i g s . 4 and 5), t hey a r e 
evacuated (to 70 /im Hg) and filled with a rgon , cyc l i c a l l y s i x t i m e s . 

The d e s i r e d flow r a t e s for p l a s m a gas and cool ing w a t e r (to the t o r c h 
and to the r eac t i on c h a m b e r ) a r e e s t a b l i s h e d . The rf co i l i s e n e r g i z e d and 
the input c u r r e n t i s i n c r e a s e d i n c r e m e n t a l l y un t i l the t o r c h is l i t at about 
8 kW. The gas flow r a t e s and the input c u r r e n t a r e then i n c r e a s e d to p r e 
d e t e r m i n e d v a l u e s . The t e m p e r a t u r e of the top f lange of the w a t e r - c o o l e d 
reac t ion c h a m b e r g radua l ly i n c r e a s e s , s t a r t i n g when the t o r c h is l i g h t e d 
and r e a c h e s a s teady va lue (about 85''C) in 1 h r , when the a p p a r a t u s h a s 
r e a c h e d t h e r m a l and e l e c t r i c a l e q u i l i b r i u m . 

After the induct ion p l a s m a t o r c h r e a c t o r a t t a i n s e l e c t r i c a l and 
t h e r m a l equ i l ib r ium, powder feeding is s t a r t e d and con t inued for the p r e 
d e t e r m i n e d feed pe r iod . Then the t o r c h is t u r n e d off by r e d u c i n g the input 
c u r r e n t to z e r o , and the p roduc t r e c e i v e r s a r e i s o l a t e d . After p o w e r i s 
cut off, gas and w a t e r flows a r e cont inued for a few h o u r s to cool the 

SuppUed by Nuclear Fuel Services, Erwyn, Tennessee. 
Supplied by National Carbon Company, New York, New York. 

+Supplied by J. T. Baker & Co., Phillipsburg, N. J. 
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induc t ion p l a s m a t o r c h r e a c t o r . T h e p r o c e d u r e s out l ined in the T A F A i n 
s t r u c t i o n m a n u a l for p r e v e n t i n g p o s s i b l e h a z a r d s a r e followed whi le the 
p l a s m a t o r c h is be ing o p e r a t e d . 

T h e i s o l a t e d p r o d u c t r e c e i v e r s a r e t r a n s f e r r e d to a glovebox hav ing 
a h e l i u m a t m o s p h e r e to avoid e x p o s u r e of the so l id p r o d u c t to oxygen in 
the a m b i e n t a i r and to p r e v e n t p o s s i b l e ox ida t ion . The p r o d u c t is s a m p l e d 
for i den t i f i ca t i on of i t s c o m p o n e n t s by X - r a y d i f f rac t ion a n a l y s i s and for the 
d e t e r m i n a t i o n of f r e e c a r b o n , to ta l c a r b o n , and oxygen c o n t e n t s . 

V. R E S U L T S AND DISCUSSION 

T h i r t y - e i g h t r uns w e r e m a d e in the c u r r e n t e x p l o r a t o r y s tudy on the 
c o n v e r s i o n of u r a n i u m dioxide to u r a n i u m c a r b i d e in an induc t ion p l a s m a 
t o r c h r e a c t o r . T h e in i t i a l 21 s p h e r o i d i z a t i o n runs ( d i s c u s s e d in Append ix A) 
w e r e m a d e to d e t e r m i n e the o p e r a t i n g c h a r a c t e r i s t i c s of the p l a s m a t o r c h . 
G r a n u l a r a l u m i n a was u s e d as the so l id feed in the in i t i a l 21 r u n s b e c a u s e 
of e a s e in r e a c t o r o p e r a t i o n with a l u m i n a feed. A g g l o m e r a t e s of UO2 and 
g r a p h i t e p o w d e r w e r e u s e d as the so l id feed in the r e m a i n i n g 17 r u n s . T h e 
d e t a i l e d o p e r a t i n g condi t ions and da ta for a l l 38 runs a r e t a b u l a t e d m 
Append ixes A and B . 

T h e r a n g e s of o p e r a t i n g condi t ions t e s t e d for the c o n v e r s i o n of 
u r a n i u m d i o x i d e - g r a p h i t e a g g l o m e r a t e s to u r a n i u m c a r b i d e a r e given m 
T a b l e I T h e s e r a n g e s of o p e r a t i n g condi t ions w e r e s e l e c t e d b a s e d on the 
r e s u l t s of t he in i t i a l r u n s . F o r m a t i o n of c a r b i d e s p h e r e s , u t i l i z a t i o n of 
c a r b o n in c h e m i c a l r e a c t i o n s , p r o d u c t i o n r a t e s of c a r b i d e s , i den t i f i ca t i on 
o f ' g a s e o u s and so l id p r o d u c t s , and p r o c e s s s c a l e - u p c o n s i d e r a t i o n s a r e 
d i s c u s s e d be low. 

T A B L E I. R a n g e s of Condi t ions T e s t e d for 
C o n v e r s i o n of U r a n i u m D i o x i d e - G r a p h i t e A g g l o m e r a t e s 
to U r a n i u m C a r b i d e in Induct ion P l a s m a T o r c h R e a c t o r 

C / U a t o m r a t i o in the feed 
P a r t i c l e s i z e of the feed a g g l o m e r a t e s , /xm 

F e e d r a t e , k g / h r 
F e e d d u r a t i o n , m i n 
P o w e r input to the o s c i l l a t o r , kW 
P l a s m a gas flow r a t e , scfh 
C o n c e n t r a t i o n of h y d r o g e n in p l a s m a gas 
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A. F o r m a t i o n of Carb ide Spheres 

F ig . 6. These s p h e r e s apparent ly a r e ve ry dense . 

Fig. 6. Typical Uranium Carbide Spheres Produced in 
Induction Plasma Torch Reactor. Mag. 500X. 

About 20% of the produc t p a r t i c l e s w e r e s p h e r e s . The r e m a i n d e r of 
the pa r t i c l e s had shapes s i m i l a r to those in the feed, wi th s o m e r o u n d i n g off 
of sha rp c o r n e r s . F i g u r e 7 shows the u r a n i u m dioxide and g r a p h i t e a g g l o m 
e ra t e feed powder and the c a r b i d e p roduc t of Run 18. The p r o d u c t i s t yp i ca l 
of that obtained in one p a s s of the a g g l o m e r a t e s t h r o u g h the induc t ion p l a s m a 
torch . F i g u r e 6 is a magnif ied view of the s p h e r e s a t the c e n t e r of F i g . 7b. 

The a v e r a g e p a r t i c l e s i z e was l o w e r for the p r o d u c t t h a n for the 
feed because (1) r eac t ion and s p h e r o i d i z a t i o n had o c c u r r e d . (2) d e n s i f i c a t i o n 
accompanied s in t e r ing of the p a r t i c l e s , and (3) b r e a k a g e a c c o m p a n i e d the 
rapid evolution of gaseous p r o d u c t (CO). M e t h o d s a r e c o m m e r c i a l l y a v a i l 
able for s epa ra t ing s p h e r e s f rom n o n s p h e r e s . H e n c e , in the p r e s e n t e x 
p lora tory study, no a t t empt was m a d e to d e m o n s t r a t e the f e a s i b i l i t y of 
separa t ing ca rb ide s p h e r e s f rom n o n s p h e r e s in the p r o d u c t . 

The opera t ing condi t ions and the c h a r a c t e r i s t i c s of the induc t ion 
p la sma to rch s y s t e m inf luence the d e g r e e of s p h e r o i d i z a t i o n and the p e r 
centage of ca rb ide s p h e r e s in the so l id p r o d u c t . D e t e r m i n a t i o n of the effects 
of these fac tors on the yie ld of c a r b i d e s p h e r e s was beyond the s c o p e of 
the p resen t study. 
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# 

Uranium Dioxide and Graphite Agglomerates. Mag. 200X. 

b. Carbide Product after One Pass of the Agglomerates 
through the Induction Plasma Torch. Mag. 200X. 

Fig. 7. Typical Uranium Dioxide-Graphite Agglomerates and Carbide Product (Run 18) 

B . U t i l i z a t i on of C a r b o n in C h e m i c a l R e a c t i o n and P r o d u c t i o n R a t e s of 

C a r b i d e 

C o m p o s i t e p a r t i c l e s of UO^ and c a r b o n at r o o m t e m p e r a t u r e a r e fed 
to the p l a s m a f l ame , which is po in ted downward i n s i d e the induc t ion p l a s m a 



torch reactor. As the particles pass through the ^^^^'^^^J^Zlis^^in 
of the plasma flame, particle heating occurs by ^ , — ^ ^ ^ t f ^ X T a pa r -
eluding thermal conduction through the boundary layer ^^^^^^tl the 
t i de , radiation, electron bombardment, and atom - " ° ' - ' ^ ^ f * \°" ""^ '^^^^^ 
particle surface. The particles falling through the ^ ° ' ; - * ^ ^ ; ; ^ ^ ; ^ " ^ ' " ^ 
flame reach the highest temperatures, greater thati 2500 C ( * ^ / ^ " " ; " e 
point of UC); those falling through the cooler peripheral zone of the flame 
reach lower temperatures. The average temperature of the part icles m -
creases rapidly, then falls to room temperature as the particles are 
quenched and collected in the product receiver. 

The reactions of UO^ and ca rbon" ' " begin at 1I50-1200°C, and the 
reaction rates are dependent on the temperatures attained by the composite 
particles. The percentage of carbon utilized in the reactions is the measure 
of performance of the plasma torch, just as the percentage of part ic les 
melted is the performance criterion in investigations of spheroidization of 
granular materials (see Section III.A.). The percentage of carbon in the feed 
converted to gaseous and solid products is determined from the total carbon 
in the feed agglomerates and from the total carbon and free carbon in the 
solid product thus: 

Utilization of carbon 

(g atoms of C per g atom of UI fUnreacted g atoms of C per g "1 
lin the feed agglomerates J l a t o m of U in the solid p roduc t / 

fg atom of C per g atom of U \ 
l in the feed agglomerates J 

The utilization of carbon was 74-82% (see Table II). These data 
suggest that at least 74-82% of the part icles, which were at room temper
ature when fed into the plasma flame, might have reached tempera tures 
above 1200°C. 

TABLE II. Utilization of Carbon in Chemical Reactions 

Plasma gas flow rate: 132 scfh 
Power input to oscillator.- 15.9 kW 
Powder feed: Tail flame of the plasma torch 

Dun 

15 
16 
17 
18 

Composition of 
Uranium Dioxide-

Carbon Agglomerate 

I), wt % C, wl » 

79.2 
79.2 
81.3 
74.7 

8.7 
8.7 
5,7 

12.1 

0, wt % 

12.1 
12.1 
13.0 
13.2 

C/U Atom 
Ratio in 
the Feed 

2.2 
2.2 
1.4 
3.2 

Nominal 
Feed Rate 

of Agglomerates, 
kg/hr 

0.9 
0.9 
0.9 
0.06 

Duration of 
Feeding, min 

10 
10 
60 
60 

Average 
Particle 
Size of 

Agglomerates, 
um 

107 
107 
107 
58 

Utilization 
of Carbon, 
% carbon 
in feed 

82 
82 
80 
74 

The values of carbon utilization achieved in the current work are 
slightly higher than the percentages of par t ic les melted (50-70%) by mak
ing a single pass of granular mater ia ls through a 25-kW induction plasma 
torch at other sites (see Section III.A,). Results for the runs with agglom
erates may also be compared with those from the initial runs of the current 
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work, in which granular alumina was fed into the plasma zone and 89% of 
the alumina granules melted under operating conditions somewhat similar 
to conditions for runs with agglomerates . The carbon-containing agglom
erates have less favorable emissivity and thermal conductivity compared 
to alumina granules , and the carbon-containing agglomerates are more 
difficult to heat than alumina granules . Hence, the value of utilization of 
carbon reported above appears to be the maximum limit for this system 
with particle injection into the tail flame of the plasma torch. These r e 
sults indicate that to attain complete conversion of the oxide to the carbide, 
either the solid product from the torch has to be passed through a second 
torch or (if only one torch is available) the product has to be recycled. 

The carbon utilization was almost constant (within experimental 
e r ro r ) although the solid feed conditions were va r ied- - i . e . , the solid feed 
rate was varied between 0.06 and 0.9 kg/hr , the average particle size 
between 58 and 107 /im, and the C /u atom ratio in the feed between 1.4 
and 3.2 (see Table II). Similarly, in the initial ser ies of runs with alumina, 
the percentage of part icles converted to spheres was almost constant a l 
though the powder feed rate was varied between 0.6 and 1.2 kg/hr . Appar
ently, feed ra tes for uranium dioxide-graphite agglomerates higher than 
0.9 kg/hr or 0.12 Ib/kWh would not reduce utilization of the reactants , and 
the upper limit for feed ra tes (where the solids s tar t to cool the plasma 
flame) was not reached in the current runs. 

Operating conditions for the current runs included low-enthalpy 
argon-3.2 vol % hydrogen plasma flame, at low power inputs (15.9 kW) to 
the osci l lator . To operate the torch with high-enthalpy plasma flame, it 
may be necessary to install a plasma containment tube protected by a 
metal shield in place of the quartz tube. With this modification, higher 
overall carbide production ra tes may be obtained than with the present 
equipment. Another modification suggested is an improved design of 
solids-injection orifices to effect higher solids introduction ra tes than in 
the current study, which may result in higher carbide production ra t e s . 
Performance of equipment components is discussed in Appendix C. 

On the basis of current resu l t s , carbide production ra tes of at least 
0 12 Ib/kWh can be expected, if it is assumed that the potential for higher 
feed ra tes and more efficient operation related to the use of a metal-walled 
plasma containment tube is offset by the need for several passes for com
plete conversion. This production rate can be compared with that (0.18 lb 
of UC per kWh) achieved by Gibson and Weidman,'^ who used an anode of 
UO2 and carbon forming a dc-arc plasma. 

C. Identification of Gaseous and Solid Products 

Information on gaseous and solid products of Jhe reaction between 
UO2 and carbon at the high temperatures (about 2500°C) attained by pa r 
t icles in the induction plasma torch is useful for process design and 



s c a l e - u p cons ide ra t ions . The gaseous p roduc t was ident i f ied f rom t 
sui ts of ana lyses of the solid produc t for u r a n i u m , c a r b o n , and oxyg • 
Solid products were identified by X - r a y d i f f rac t ion a n a l y s i s . 

The ra t io of d e c r e a s e s in ca rbon and oxygen upon c o n v e r s i o n of the 
feed to product (g-a toms of ca rbon d e c r e a s e p e r g - a t o m of - - - - ^ / ^ ; ^ ^ 7 / 
of oxygen d e c r e a s e pe r g -a tom of u r a n i u m ) was ~ 1.0 for Rutis 15, 16, and 18. 
This value for the rat io indica tes that the gaseous p r o d u c t of the r e a c t i o n 
between UO, and graphi te in an a rgon -3 .2 vol % hyd rogen p l a s m a f l a m e is CO. 

X - r a y diffraction ana lys i s of the s o l i d - p r o d u c t s a m p l e s i n d i c a t e s 
that u ran ium monocarb ide and a l p h a - u r a n i u m d i c a r b i d e w e r e p r e s e n t , a long 
with unreac ted u r an ium dioxide (see Table VI l a t e r for d e t a i l e d r e s u l t s ) . 
Poss ib ly , alpha-UC2 was produced in the hot zone of the p l a s m a f l a m e , 
and quenching of the produc t p a r t i c l e s in the r e a c t i o n c h a m b e r p r e v e n t e d 
its decomposi t ion to UC and C . " The following r e a c t i o n s p r o b a b l y o c c u r r e d : 

UO2 + 3C - UC + 2CO; (1) 

UO2 + 4C -> alpha-UC2 + 2CO. (2) 

Almos t ident ica l X - r a y dif f ract ion p a t t e r n s r e s u l t e d for p r o d u c t 
samples f rom Runs 16 and 18. In t h e s e r u n s , a g g l o m e r a t e s wi th d i f f e r en t 
carbon contents (8.7 and 12.1 wt % carbon) w e r e fed to t he p l a s m a t o r c h at 
r a tes 0.9 and O.O6 k g / h r , r e s p e c t i v e l y . The r e s u l t s s u g g e s t t h a t t he r e l a 
tive r a t e s of monoca rb ide and d i c a r b i d e f o r m a t i o n a r e i n d e p e n d e n t of feed 
composit ion, feed r a t e , and feed p a r t i c l e s i z e (in the r a n g e of 58-107 fim). 
The extent of conve r s ion of u r a n i u m dioxide to u r a n i u m c a r b i d e s a p p e a r s 
to be governed by the t e m p e r a t u r e l eve l a t t a ined by the i nd iv idua l p a r t i c l e s . 

In a final pur i f ica t ion s t ep , the c o n c e n t r a t i o n of the u r a n i u m d i 
carbide may be lowered to the d e s i r e d l eve l by r e d u c i n g the h y p e r s t o i c h i o 
m e t r i c carb ide in a hydrogen a tmosphere^^ o r by c o n v e r t i n g the d i c a r b i d e 
to monocarb ide by r eac t ion with u r a n i u m d iox ide .^ ' The p r e s e n c e of l a r g e 
amounts of the d ica rb ide along with the m o n o c a r b i d e m a y be u n d e s i r a b l e in 
a fuel for a sod ium-coo led r e a c t o r , b e c a u s e the h y p e r s t o i c h i o m e t r i c c a r b i d e 
is deca rbu r i zed by the s t a i n l e s s s t e e l c ladding , and the f u e l - t o - c l a d d i n g 
sodium bond fac i l i ta tes d e c a r b u r i z a t i o n . " 

D- P r o c e s s Sca le -up C o n s i d e r a t i o n s 

In the induct ion p l a s m a t o r c h m e t h o d , s i nce the s o l i d s and gas a r e 
continuously moving as a d i lu te s u s p e n s i o n at v e r y high v e l o c i t i e s , s o l i d s 
do not build up in any po r t i on of the e q u i p m e n t and l a r g e - s c a l e e q u i p m e n t 
can be designed to be c r i t i c a l l y s a f e . 
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The design charac ter is t ics and operating conditions of the induction 
plasma torch system influence the conversion of oxide to carbide as well 
as the percentage of carbide spheres in the solid product; probably, yields 
of carbide spheres will be higher in large units than in small units. P r o 
duction rates of at least 0.12 Ib/kWh can probably be achieved with more 
efficient, la rger plasma torches than the one used in the present study. 
A discussion of the economics of plasma torch operation by Dundas and 
Thorpe^' indicates that a l a rge-sca le unit may possibly be operated 
economically. 



APPENDIX A 

P r e l i m i n a r y Runs Using G r a n u l a r Alumiria 

1 „ • „ = /44-149 U-y^) w a s 
In a s e r i e s of p r e l i m i n a r y r u n s , g r a n u l a r a lumina ^*\'JJ" ^^-^^ 

, r c h to d e t e r m i n e the ope ra t ing c h a r a c t e r i s t i c s 
a l u m i n a p a r t i c l e s . T h e fed to the induction p l a s m a to 

of the p l a s m a to rch from i ts abil i ty to sphe ro id i ze a l u m i n a p a r ^ i c , ^ 
g r anu la r a lumina was used as a s t and- in for compos i t e p a r t i c l e s of u r a n i u m 
dioxide and graphi te . 

The independent va r i ab le s inves t iga ted in t h e s e p r e l i m i n a r y r u n s 
included a lumina feed r a t e , power input to the o s c i l l a t o r , gas c o m p o s i t i o n , 
and gas flow r a t e . The opera t ing condit ions and r e s u l t s for 21 r u n s wi th 
g ranu la r a lumina a r e l i s ted in Table III. G r a n u l a r a l u m i n a was i n t r o d u c e d 
from the top of the qua r t z tube into the p l a s m a zone in a l l r uns e x c e p t 
Run IB-4 , in which a lumina was in t roduced 1 in. d e e p e r into the p l a s m a zone . 
Typical g ranu la r a lumina and typical a lumina af ter one p a s s t h r o u g h the 
induction p l a sma torch in Run IIC-3 a r e shown in F i g . 8. 

Alumina feed r a t e s between 0.6 and 1.2 k g / h r had l i t t l e effect on 
the percentage of mel ted p a r t i c l e s (e.g. , c o m p a r e the p e r c e n t m e l t e d for 
Runs IIA-2 and IIA-3 or for Runs IIA-1 and IB-1) , i nd ica t ing tha t m u c h 
higher feed r a t e s may be p r a c t i c a l and that the u p p e r l i m i t for feed r a t e s 
of solids (where the sol ids s t a r t to cool the p l a s m a f lame) had not b e e n 
reached. When power input to the o s c i l l a t o r was i n c r e a s e d f r o m 13.5 to 
21 kW while the other opera t ing condi t ions w e r e m a i n t a i n e d c o n s t a n t , the 
percen tage of a lumina p a r t i c l e s m e l t e d i n c r e a s e d f r o m 13 in Run I IA-1 to 
57 in Run IIA-2 and 49 in Run IIA-2R. 

TAStE III. Operating Conditions and Results of Preliminary Plasma Torch Runs witfl Granular Alumin 

Power 
Irtput to Alumina 

Feed Rate of Gas, scfh, through Plasma Gas Composition, 
vol % Oscillator, Feed Rate,a Axial Tangential Tangential Radial Alumina 

Run kW kg/hr Nozzle Nozzle 8 Nozzle C Nozzle Feeder Argon Nitrogen Hydrogen 

IA-1 
IA-2 
iA-3 
IB-I 
IB-2 
IB-2R 
I B-3 
IB-4C 
IIA-1 
IIA-2 
IIA-2R 
IIA-3 
IIB-l" 
IIB-2d 
IIC-1 
II C-2 
IIC-3 
l l l - l 
III-2 
III-3 

13.1 
14,0 

21.0 
21.0 
21.0 
13.0 
21.0 
14.2 
15.2 
14.3 
13.0 
13,0 

06 
06 
0,6 

0 6 
0,6 
1,26 
1.26 
1,26 
0,6 

06 
06 
0,6 
06 
06 
0,6 
0 6 

0.6 

0.6 59 
74 

6,5 

6,5 

6,5 
6,5 

6,5 
6,5 

6,5 

6.5 

100 
100 
100 
100 
100 

too 
100 
100 
KB 

m 
100 

100 

100 

^Duration ol alumina feed for each run was 3 min 
"Reaction chamber contained air. 

^The powder inieclion point was 1 in . below the normal location 

Ken granular alumina was fed in these two runs, whereas white granular alumina was fed in ail other runs. 

Reaction 
Chamber 

Pressure,'' 

psig 

-6.4 
-5.4 
-5,4 
-5,6 
-2,5 
-0,5 
-5,6 
-5,4 
-5,6 
-56 
-5.6 
-5.4 

Percent 
of Aiumihc 

Particles 
Melted 

21 
3 
3 

16 
15 
52 
15 
1 

13 
57 
49 
51 
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a. Granular Alumina Feed. Mag. 200X. 

b. Spheroidized Alumina after One Pass through 
the Induction Plasma Torch. Mag. 200X. 

Fig. 8. Typical Granular and Spheroidized Alumina (Run IIC-3) 

T h e effect of gas c o m p o s i t i o n on s p h e r o i d i z a t i o n of a l u m i n a is shown 
in Table IV T h e p e r c e n t a g e of m e l t e d p a r t i c l e s i n c r e a s e d f r o m 16 for 
p u r e a r g o n p l a s m a (Run IB-1) to 21 for 4 vol % n i t r o g e n - a r g o n p l a s m a 
(Run l i e - 1). and 89 for 4 vol % h y d r o g e n - a r g o n p l a s m a (Run l I C - 3 ) . 



Sphero id iza t ion was fa i r ly uni form for all s i ze s of the p a r i _̂  ^ 
with the hyd rogen -a rgon p l a s m a . With the o the r two types oi p 

l a r g e r pe rcen tage of the s m a l l e r p a r t i c l e s me l ted . 

T A B L E IV. Effect of D i a t o m i c Gas in Argon P l a s m a 
on Sphe ro id i za t i on cf G r a n u l a r A lumina 

Solid feed r a t e : 10 g / m i n 

Dia tomic Gas 
Concen t r a t i on 

in Argon 

Run Gas Vol % 

P a r t i c l e s M e l t e d , % 

137 ^ m 115/zm 96.5 ^ m V^fzm 53 ^ m T o t a l 

IB-1 - - 0 
0 2 33 50 16 

I IC-1 N, 4 0 ^ 50 60 60 21 

I IC-3 H, 4 90 90 ' 0 0 95 90 89 

Increas ing the p l a s m a gas flow r a t e f rom 140 scfh in Run I A - 3 to 
159 scfh in Run III-I i nc r ea sed the p e r c e n t a g e of a l u m i n a p a r t i c l e s m e l t e d 
from 3 to 23, but a fur ther i n c r e a s e to 210 scfh in Run I I I -3 d e c r e a s e d the 
percen tage mel ted to 7. Changing the gas flow p a t t e r n s in the p l a s m a had 
significant effects on the pe rcen tage of m e l t e d p a r t i c l e s . F o r a c o n s t a n t 
gas flow ra t e , using the axial and tangent ia l gas flow p a t t e r n s in Run I I I -2 
gave the highest pe rcen tage mel ted , 42, with the p u r e a r g o n p l a s m a f l a m e 
at constant power input to osc i l l a to r , but the f lame was u n s t a b l e w h e n 
t h e r e was any significant axial flow. 
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APPENDIX B 

Runs with UO2-Graphite Agglomerates 

Agglomerated part icles of UOj and graphite were fed into the tail 
flame of plasma in 17 runs. The operating conditions are listed in Table V, 
and the resul ts of analyses of product samples are presented in Table VI. 

During the first 11 runs, the reaction chamber contained air . Some 
graphite was burned. It was observed that the carbon content of the solid 
product decreased at higher power inputs (20 kW), lower gas flow rates 
(132 scfh), and higher hydrogen concentrations in the plasma gas (6 vol %). 
The effects of these operating conditions on lowering the carbon content of 
the agglomerates was analogous to their effects on the percentage of 
melted granular alumina par t ic les . As was expected, the oxygen content 
of the product was nearly the same as the oxygen content of the feed, indi
cating that the hot part icles emanating from the torch had reacted with 
atmospheric oxygen in the reaction chamber. 

In the final set, six runs, uranium dioxide and graphite agglomer
ates were fed into the tail flame formed from argon-3.2 vol % hydrogen 
plasma in an iner t -argon atmosphere. The results of the final set of runs 
were discussed in the main body of this report. 

TABLE V. Operating Conditions lor the Conversion of Uranium Dioxide-Graphite Agglomerates in the Induction Plasma Torch Reactor 

Feed point for powder: Tail flame 

Power 

Input to 

Oscillator, 

Run kW 

Feed Rate of Gas, scfh 

Duration, 

min 

Concentra

tion, wt % 
Average 

Particle 

Size, urn 

Nominal 

Feed Rate, 

kg/hr 

Through 

Tangential 

Nozzles 

Through Through Hydrogen 

Radial Solid in Plasma, 

Nozzles Feeder vol % 

Reaction Chamber 

Atmosphere 

Pressure, 

psig 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
14 
15 
16 
17 
18 

15.2 
15.9 
15.9 
15.7 
16.8 
15.7 
15.0 
15.4 
20.0 
15.7 
15.8 
15.9 
15.9 
15.9 
15.9 
15.9 
15.9 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 

10 
10 
60 
60 

8.7 
8.7 
8.7 
8.7 
8.7 
8.7 
8.7 
8.7 
8.7 
8.7 
8.7 
8.7 
8.7 
8.7 
8.7 
5.7 

12.1 

12.1 
12.1 
12.1 
12.1 
12.1 
12.1 
12.1 
12.1 
12.1 
12.1 
12.1 
12.1 
12.1 
12.1 
12.1 
13.0 
13.2 

107 
107 
107 
107 
107 
107 
107 
107 
107 
107 
107 
107 
107 
107 
107 
107 
58 

0,9 

0,9 

0.9 

0.6 

0.9 

0,9 

0.9 

0.9 

0.9 

1,2 

0.9 

0,9 

0.9 

0,9 

0.9 

0.9 

0.06 

57 
57 
57 
57 
57 
57 
55 
57 
57 
57 
57 
57 
57 
57 
57 
57 
57 

67 

67 

67 

67 

67 

67 

67 

93 

93 

67 

67 

67 

67 

67 

67 

67 

67 

3.2 
3.2 
3.2 
3.2 
0.0 
1,5 
6.0 
3,1 
3.0 
3.1 
3.1 
3.2 
3,2 
3.2 
3,2 
3,2 
3,2 

Air 
Air 

Air 
Air 
Air 
Air 

Air 
Air 

Air 
Air 
Air 

Argon 

Argon 

Argon 

Argon 

Argon 

Argon 

-2,5 lo 0 
-2.5 to 1 

0 
0 

•2.5 to 0 

0 

1.0 
0 
1,0 

-1.0 
1.0 

0 to 2.5 

-1.5 to 2.5 
1.0 

0.5 to 1.0 
0.4 to 1.8 
0.3 to 1.1 

During Run No. 13, a porcelain insulator supporting a choke coil in the Lepel high-frequency generator broke, causing 

prematurely terminated, and hence the operating conditions are not tabulated above. 

rf arcs. The run was 



TABLE VI. Analys is of P r o d u c t Samples 

Carbon ,a 
wt % 

Run Totalh F r e e wt % UO; 

10.7 

12.1 

12.4 

10.5 

X - r a y Diffract ion Analys i s '^ 

°"!fr'̂  1^. ^ Alpha-UC, 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
14 
15 

6.3 
6.5 
6.2 
5.0 
5.5 
5.3 
5.0 
5.6 
4.9 
5.3 
5.8 

6.2 
5.7 

9.6 
8.2 
7.9 
1.0 

Major 
Major 
Major 
Major 
Major 

Intermediate 
Intermediate 

Minor 
Intermediate 

Minor 

Intermediate 
Intermediate 

Minor 
Intermediate 

Minor 

1.7 
16 5.7 1.7 
17 3.4 1.2 
18 8.4 3.6 7.4 Major I n t e r m e d i a t e I n t e r m e d i a t e 

aAverage of two ana lyses . 
Total carbon (de te rmined by LEGO c o m b u s t i o n m e t h o d ) in the s a m 
ple, including free carbon (de t e rmined by a g r a v i m e t r i c m e t h o d , 
which includes d issolut ion of the s a m p l e in d i lu te n i t r i c ac id) and 
the carbon in UC and UC2. The total c a r b o n value for the s a m p l e 
is used in the ana lys i s for oxygen content by c o m b u s t i o n a t 925°C 
of the sample . 

Es t imated concent ra t ion r a n g e s : Major = ~50 w t % ; i n t e r m e d i a t e = 50 
to 30 wt %; minor = 30 to 10 wt %. The compounds p r e s e n t a r e i d e n t i 
fied by the X - r a y diffraction p a t t e r n s g e n e r a t e d by a s a m p l e of about 
100 fig held in a cap i l l a ry tube. The p r e s e n c e o r a b s e n c e of a c o m p o u n d 
is decided by v isua l inspec t ion , and by c o m p a r i s o n of the p a t t e r n s g e n 
era ted with s tandard pa t t e rns of t h e s e c o m p o u n d s . S ince the r e l a t i v e 
concentrat ions of t he se compounds a r e e s t i m a t e d by a s s e s s i n g the i n t e n 
sity of the pa t t e rns p r e s e n t , the va lue s for the c o n c e n t r a t i o n s a r e only 
qualitative e s t i m a t e s . 
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APPENDIX C 

Performance of Equipment Components 

Equipment component performance pertinent to the further devel
opment of the induction plasma torch reactor for the conversion of uranium 
dioxide to uranium carbide and to the development of la rge-sca le units is 
summarized in the following discussion. 

1. Induction P lasma Torch Performance 

During the prel iminary ser ies of runs, granular alumina was intro
duced from the top of the quartz tube directly into the plasma zone. The 
quartz tube and the hot gas exit nozzle at the bottom of the tube became 
coated with alumina part icles in about 12-15 min of operation (four to 
five runs , each of 3-min duration). The presence of any foreign part icles 
on the tube wall promotes arcing of the rf current to the tube, causing the 
tube to break. Hence, it was necessary to clean the tube after every fourth 
or fifth run. 

In the first run to convert UO2 to UC (not reported in Table V), ag
glomerates of UO2 and graphite powder were fed directly (like the alumina) 
into the plasma arc of argon with 3 vol % hydrogen. The power input to the 
oscillator was relatively low (13 kW). The gas flow ra tes and flow patterns 
were such that a stable plasma was formed. However, soon after the flow 
of solids was s tar ted, the quartz tube cracked. A possible explanation is 
that this breakage might have been caused by localized overheating due to 
increase in heat t ransfer red to the quartz tube when the agglomerates were 
present . The increase in the heat transfer may be attributable to the higher 
emissivity of the plasma when it contains the agglomerates than when it con
tains the granular alumina or no solids. 

During the subsequent runs, the uranium dioxide-graphite agglomer
ates were fed into the tail flame downstream from the plasma zone (through 
orifices in the exit nozzle below the plasma-forming region). The absence 
of bulk of solids in the plasma zone allowed longer-duration runs to be 
made, although the solids were exposed to the high tempera tures for shor ter 
t imes than when they were fed directly into the plasma zone. 

As the U02-graphite agglomerates were fed, a thin coating of fine 
powder formed on the inside of the b ras s double flange that holds the plasma 
torch and the quartz-plate insulator. Typical coating is shown m Fig. 9. The 
fines might have been generated by breakage of large agglomerates due to 
rapid evolution of CO product during conversion, and coating might have 
occurred due to electrostat ic phenomena and/or thermal phenomena near 
the flange. 
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a. Torch Assembly before Run 

Double Flange 

Quartz Insulator 

b. Torch Assembly after Run 

Fig. 9. Coating of Fines on Double Flange Holding Plasma Torch 
and Quartz Plate Insulator during a Run 
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The performance of the induction plasma torch indicates that the 
designs of the plasma containment tube, the solids-feed orifices, and the 
auxiliary flanges should be improved for further development or scale-up 
of the conversion process . 

2. Mullite Guide Tube 

A mullite guide tube (5.6 in. ID, 6.1 in. OD, 27 in. long) was in
stalled below the plasma torch to contain the tail flame and guide the par
ticles into the product receiver . In the absence of the guide tube, powder 
fed into the plasma (both axially and radially) did not fall through the center 
of the tail flame. Instead, most of the powder was held up on horizontal 
ledges in the reaction chamber, and only a minor amount reached the 
product receiver . 

The top of the mullite guide tube broke occasionally. Typical break
age of the top portion of the mullite tube is shown in Fig. 10. This breakage 
might have been caused by localized overheating of the guide tube. 

Crack due to 
Overheating 

Mullite Guide 
Tube 

Top Flange of the 
Reaction Chamber 

Fig. 10. Top Portion of Mullite Tube. Showing Breakage due to Overheating 

To d e t e r m i n e the a p p r o x i m a t e t e m p e r a t u r e s r e a c h e d by the m u l l i t e 
tube d u r i n g a r u n , m a r k s w e r e m a d e long i tud ina l ly on ou t s ide w^H °f ' h e 
tube wi th h e a t - s e n s i t i v e p e n c i l s ( T e m p i l s t i k s * ) b e f o r e a run . T h e tube was 
i n s p e c t e d a f te r a run . The d i s c o l o r a t i o n s of the T e m p i l s t i k m a r k i n g s m d i -
c a t e d tha t the top 18.5 in. of the guide tube had r e a c h e d t e m p e r a t u r e s 

•Manufactured by Tempil Corporation. New York, N. Y. 
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• had reached tempera tures 
greater than 500°F (255°C) and that the top 21 m ^ ^ ^ i m u m tempera-
greater than 300«F (149°C). ^ ^ ^ P P ^ ^ ^ ^ ^ ^ ^ j T h e net heat gain (the differ-
ture of the tube was calculated by ^^^"""'"f , convection from the plasma 
ence between heat gained by radiation and lore ^„„vection from the 
flame to the tube and heat lost by radiaUon - / - * ; / , , . ^ profile along 
tube to the reaction chamber) resulted in a line ^^^^^i^^ed to be 
the length of the tube^ The - - P ^ ^ ^ ^ ^ ^ ^ / ^ . ^ t o p of the pipe) to be 1480"F 
80»F/in., and the highest ' ^ ^ / " ' " ^ j b e done for a guide tube operated 
I f t S e t r m ^ r i t r f ^ r ^ - u t f h S r ^ e r e r p r e n t or for^ca le -up of the con-
version process. 
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